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Abstract
OBJECTIVE: To study the effects of the drying pro-
cessing in terms operational parameters on the bio-
active constituents of six Yuanzhi (Radix Palygalae)
samples across China.
METHODS: Six Yuanzhi (Radix Palygalae) samples
were investigated using thermogravimetry analy-
sis. The heating courses were set in two ways: the
temperature-programmed process from room tem-
perature to 150℃ ,and the constant-temperature
course at 50℃, 70℃ and 90℃.
RESULTS: The peak temperature of six Yuanzhi (Ra-
dix Palygalae) samples ranged from 78℃ to 88℃ .
The mass loss rate of Yuanzhi (Radix Palygalae) alco-
hol-soluble extract was significantly increased
when heated at 90℃. Four types of bioactive ingre-
dients were detected in volatile oils of Yuanzhi (Ra-
dix Palygalae) sample from Shanxi province by Gas
Chromatography-mass spectrometry analysis. Fou-
rier Transform Infrared Spectroscopy results sho-
wed that the drying temperature exerted a great in-
fluence on types and amount of ingredients of Yu-
anzhi (Radix Palygalae). The kinetic study showed
that the constant-temperature drying process of Yu-
anzhi Radix Palygalae) samples could be well de-
scribed by the Page Model, especially for the dry-
ing process at 50℃, in which R2 and SD values were
more than 0.98 and less than 0.04, respective-
ly. The drying constant k of three Yuanzhi (Radix
Palygalae) samples from Shanxi, Gansu and Shaanxi
provinces in China was corresponding to the Arrhe-
nius equation, and their activation energies were
28.07, 25.38 and 21.48 kJ/mol, respectively.
CONCLUSION: The drying process of Yuanzhi (Ra-
dix Palygalae) was very important for bioactive in-
gredients improvement in Yuanzhi (Radix Palyga-
lae). Temperature was a thermodynamic property
significantly affecting the process.
© 2014 JTCM. All rights reserved.
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gravimetric analysis; Alcohol soluble extract; Bioac-
tive ingredients
INTRODUCTION
As a traditional Chinese herbal medicine, Yuanzhi (Ra-
dix Palygalae) is often used as a nerve-calming medica-
tion or an expectorant.1 It was frequently reported that
Yuanzhi (Radix Palygalae) promoted physical and men-
tal thealth.2 It is widely distributed in different regions
of China, especially in Shanxi and Shaanxi provinces.
It is cultivated and processed on a large scale in accor-
dance with good agricultural practice (GAP) for Chi-
nese crude drug standards, and it is usually harvested
after 2-3 years of growth.3 The processing of the raw
Yuanzhi (Radix Palygalae) mainly consist of washing,
sorting, drying, cutting and packaging, among which
drying is most critical step that affects the active ingre-
dients of Yuanzhi (Radix Palygalae). The typical dry-
ing methods of herbal medicines mainly include the
natural drying, roasting and baking, hot-air, radiation
and heat pump.4-8 Regardless of the methods, temper-
ature is one of the most important factors in the pro-
cess. Yuanzhi (Radix Palygalae) contains volatile oils,
alkaloids, saponins, fats and carbohydrates, in which
the heat-sensitive active ingredients (oleic acid, linole-
ic acid, hexadecanoic acid, stearic acid, ethyl ester, sa-
ponin and polysaccharides) are prone to be oxidised
and decomposed.9-11 Thus the loss of its bioactive ingre-
dients caused by inappropriate drying operation should
be avoided. However, the conventional drying meth-
ods of herbal medicines still have some drawbacks.
Therefore, the operational parameters of drying tech-
nology should be optimized in terms of its bioactive
components.
In the present study, six Yuanzhi (Radix Palygalae) sam-
ples were collected from different origins of China, we
studied their drying processes using thermal analysis in-
cluding Thermogravimetry (TG) and derivative ther-
mogravimetry (DTG)12-15 and determined the drying ki-
netic parameters in order to make most of the bioac-
tive ingredients in Yuanzhi (Radix Palygalae). More-
over, the effects of drying temperature on the bioactive
ingredients of Yuanzhi (Radix Palygalae) were also in-
vestigated using a supercritical CO2 extraction (SCE)
technique, a gas chromatography-mass spectrometry
(GC-MS) and a fourier transform infrared spectrosco-
py (FTIR).
MATERIALS ANDMETHODS
Preparation of experimental samples
All Yuanzhi (Radix Palygalae) samples were identified
by Xiangping Pei (Shanxi University of Traditional Chi-
nese Medicine). They were pulverized into fine powder
(particle size of smaller than 0.149 mm, 100 mesh) us-
ing a median-high speed HX-200A medicine powder
grinder (Xi'an Metal Plant, Zhejiang, China). The Yu-
anzhi (Radix Palygalae) powder obtained met the re-
quirement of quality standard that the alcohol-soluble
extract (ASE) content should be more than 30%. The
ASE content was determined according to the appen-
dix XA in the Pharmacopoeia of the People's Republic
of China.1 Table 1 shows that the ASE content was be-
tween 36.76% and 49.64%, indicating that all the sam-
ples met the criterion. As an authentic Chinese herbal
medicine, the sample from Shanxi province was highly
stable and met National Quality Standards .1
Thermogravimetric experiments
The mass loss of Yuanzhi (Radix Palygalae) during the
drying process was measured at different temperatures
using STA-409C thermal analyzer (Netzsch Inc., Selb,
Germany). A total of 30 mg Yuanzhi (Radix Palygalae)
was placed in a crucible, and then the reactor system
was purged by drying gases and heated at a heating rate
of 10℃/min. A mixture of nitrogen and oxygen (4∶1)
was used as the simulation air in the ambient atmo-
sphere, and the total gas flow rate was 100 mL/min.
The ASE mass loss of Yuanzhi (Radix Palygalae) was as-
sessed from room temperature to 150℃. Moreover, the
mass loss was determined at two different temperature
courses as follows: the temperature-programmed pro-
cess from room temperature to 150℃ , and the con-
stant temperature process at 50℃ , 70℃ and 90℃ , re-
spectively.
The weight loss was defined as follows: x=M/M0×100%
where x is the weight loss (wt%); M is weight of sam-
ple at the random time (mg); M0 is weight of sample at
the beginning (mg).
The weight loss rate was defined as follows: Rw=dx/dt
where Rw is the weight loss rate (%/min); t is the dry-
ing time (min).
Supercritical fluid extraction and sample analysis
It is necessary to distinguish the moisture removal from
the loss of volatile matters when TG technique is used
Sample
SXPO
GSPO
SXIPO
HBPO
NMPO
SCPO
Origin
Shanxi
Gansu
Shaanxi
Hebei
Neimengu
Sichuan
Cas (%)
43.64
49.64
36.76
48.88
39.06
47.64
Table 1 Origins and alcohol-soluble extract contents of Yuan-
zhi (Radix Palygalae) samples
Notes: SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi
province; GSPO: Yuanzhi (Radix Palygalae) collected from Gan-
su province; SXIPO: Yuanzhi (Radix Palygalae) collected from
Shaanxi province; HBPO: Yuanzhi (Radix Palygalae) collected
from Hebei province; NMPO: Yuanzhi (Radix Palygalae) collect-
ed from Neimengu province; SCPO: Yuanzhi (Radix Palygalae)
collected from Sichuan province. Cas is the content of alco-
hol-soluble extract.
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to determine the moisture content of medicinal herbs.
The bioactive ingredients in volatile oil of Yuanzhi (Ra-
dix Palygalae) may be volatilized before the moisture is
entirely removed. Therefore, it is necessary to evaluate
the effects of drying process on volatiles in Yuanzhi (Ra-
dix Palygalae). Briefly, 24 g SXPO were dried at 50℃ ,
70℃ and 90℃, respectively, for 4 h in a DHG-9075A
electrothermal blast drying oven (Shanghai Yihen Sci-
entific Instruments Co., Ltd., Shanghai, China). Subse-
quently, these samples were placed in a 30-mL reactor
of the supercritical carbon dioxide fluid extractor
(SPE-SED Applied Separation Inc., Allentown, PA,
USA) and undergone the extraction of volatile oil. A
pressure of 45 MPa and a temperature of 35℃ were se-
lected as the optimal operational parameters, respective-
ly. Through the above-mentioned operation, volatile
oils (denoted as SXPOVO50, SXPOVO70 and SXPO-
VO90) were obtained and analyzed using a Trace-DSQ
GC-MS (Thermo Fisher ScientificInc, Waltham, MA,
USA). The volatile oil (denoted as SXPOVO) extract-
ed from fresh SXPO sample was used as a control sam-
ple in the comparison.
Briefly, 10 μL volatile oil extracts of SXPOVO50, SX-
POVO70 and SXPOVO90 were used as the prepara-
tion samples, which were diluted with 1 mL of N-hex-
ane. Moreover, 1.0 μL of samples was analyzed using a
Trace-DSQ GC-MS equipped with DB-5MS elastic
quartz capillary column (30.0 m × 250 μm × 0.25 μm).
Samples were maintained at 55℃ for 1 min, and then
they were heated to 240℃ at a heating rate of 3℃/min
for 17 min. The carrier gas was supplied at a constant
flow rate of 1.0 mL/min at 230℃, the pre-column pres-
sure was set at 14.5 MPa, and the ratio of inlet/outlet
was 20∶1. The operation parameters were set as fol-
lows: EI power of 70 eV, ion source temperature of
230℃ and scanning range from 35 to 500 amu.
The bioactive ingredients of SXPO samples dried at
the constant temperatures of 50℃, 70℃ and 90℃ were
analyzed using FTIR (MB104, ABB Bomen Co., Que-
bec, Canada). Fresh SXPO sample was also analyzed
for the comparison. The used resolution was 4 cm-1,
the frequency of spectra ranged from 4000 to 400 cm-1,
and the spectra were obtained from the average of 16
scans.
Kinetics of drying
The empirical models, including Lewis model, Hender-
son & Pabis model and Page model, have been used to
describe the drying kinetics of agricultural products
and biological materials. Eq. (1)-Eq. (3) describe the ki-
netic equations of the correlation model.16,17
MR=exp(-kt) (1)
MR=Aexp(-kt) (2)
MR=exp(-ktn) (3)
where the moisture ratio of sample MR=(M－Me)/
(Mo－Me), M, Mo and Me represent the sample weight
at the random time, initial drying time and ending
time (mg), respectively; t is the drying time (min); A, k
and n are the kinetic constants of each model.
The suitability of kinetic models was evaluated by vari-
ance (R2) and standard deviation (SD). Bigger R2 and
smaller SD represent the better suitability of the drying
kinetic model. As the function of drying time, the
curve of MR was used to determine the drying kinetic
parameters of Yuanzhi (Radix Palygalae), which was
firstly obtained based on the experimental data and
then fitted by means of above-mentioned three models.
RESULTS
Drying in the temperature-programmed thermal
course
Figure 1 shows the drying curves of six Yuanzhi (Radix
Palygalae) samples and their corresponding ASE sam-
ples using TG tests during the temperature-pro-
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Figure 1 Drying curves for six Yuanzhi (Radix Palygalae) (A) and its ASE samples (B) at a heating rate of 10 oC/min
SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi province; GSPO: Yuanzhi (Radix Palygalae) collected from Gansu province;
SXIPO: Yuanzhi (Radix Palygalae) collected from Shaanxi province; HBPO: Yuanzhi (Radix Palygalae) collected from Hebei province;
NMPO: Yuanzhi (Radix Palygalae) collected from Neimengu province; SCPO: Yuanzhi (Radix Palygalae) collected from Sichuan prov-
ince; ASE: alcohol soluble extract.
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grammed process from room temperature to 150℃ at
a heating rate of 10℃ min-1. Figure 1A shows that the
moisture content was decreased with increase of drying
temperature for all samples. However, the changes of
moisture content were different among the six Yuanzhi
(Radix Palygalae) samples. Table 2 shows the character-
istic temperatures and rates of mass loss of all samples
at this stage. The peak temperature and final tempera-
ture during the drying process of different samples
ranged from 78℃ to 88℃, and 122℃ to 137℃, respec-
tively.
ASE of Yuanzhi (Radix Palygalae) contained saponins,
carbohydrates and volatile oils. Only less than 1% ASE
was decomposed under the drying condition of below
90℃ . ASE was dried at 105℃ for 3 h before analyzed
using TG. Figure 1B shows that the water loss peak did
not exist. However, the rate of mass loss was significant-
ly increased when the temperature was above 90℃ be-
cause the high drying temperature enhanced the loss
rate of alcohol-soluble bioactive ingredients.
Drying in the thermal course of constant
temperature
Figure 2 shows the drying curves of six Yuanzhi (Radix
Palygalae) samples dried at constant temperatures of
50℃ , 70℃ and 90℃ . When the temperature was in-
creased, the mass loss was observed from all Yuanzhi
(Radix Palygalae) samples due to the loss of water and
volatile substances at this stage.
Effect of drying temperature on SXPO volatile oils
by GC-MS analysis
The volatile oils (SXPOVO50, SXPOVO70 and SX-
POVO90) were analyzed, and Table 3 lists four types
of bioactive ingredients from the GC-MS results.
Effect of drying temperature on characteristics of
SXPO by FTIR
Samples of SXPO50, SXPO70 and SXPO90 dried at
the constant temperatures of 50℃ , 70℃ and 90℃ , as
well as fresh SXPO sample were analyzed using a FT-
IR. The advantage of second derivative spectra is that
Sample
SXPO
GSPO
SXIPO
HBPO
NMPO
SCPO
Tm (oC)
88
78
81
88
81
81
Tf (oC)
125
127
125
137
122
130
Rwt (% min-1)
5.67
4.96
4.33
4.20
4.35
4.60
Table 2 The characteristic temperatures and weight loss
rates of Yuanzhi (Radix Palygalae) samples
Notes: SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi
province; GSPO: Yuanzhi (Radix Palygalae) collected from Gan-
su province; SXIPO: Yuanzhi (Radix Palygalae) collected from
Shaanxi province; HBPO: Yuanzhi (Radix Palygalae) collected
from Hebei province; NMPO: Yuanzhi (Radix Palygalae) collect-
ed from Neimengu province; SCPO: Yuanzhi (Radix Palygalae)
collected from Sichuan province. Tm is the temperature of maxi-
mum weight loss rate; Tf is the final temperature in the stage of
water loss; Rwt is the maximum drying rate.
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Figure 2 Drying curves for six different Yuanzhi (Ra-
dix Palygalae) at 50℃, 70℃ and 90℃
SXPO: Yuanzhi (Radix Palygalae) collected from
Shanxi province; GSPO: Yuanzhi (Radix Palygalae) col-
lected from Gansu province; SXIPO: Yuanzhi (Radix
Palygalae) collected from Shaanxi province; HBPO:
Yuanzhi (Radix Palygalae) collected from Hebei prov-
ince; NMPO: Yuanzhi (Radix Palygalae) collected
from Neimengu province; SCPO: Yuanzhi (Radix
Palygalae) collected from Sichuan province.
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the overlapping peaks of the complex system can be
separated, making the most significant variation visi-
ble.18，19 Figure 3 shows the FTIR spectra and second de-
rivatives of FTIR spectra for dried and fresh SXPO
samples as well their ASE samples. Moreover, Table 4
shows the wave numbers of characteristic absorption
peaks of dried and fresh SXPO samples as well their
ASE samples.
Kinetic analysis of drying process
Figure 4 shows the moisture ratio (MR) curves of Yuan-
zhi (Radix Palygalae) at the constant temperature stage.
The MR was negatively correlated with the drying
time at the same final temperature, whereas it was posi-
tively correlated with the final temperature at the same
drying time. The higher the drying temperature was,
the bigger inclination of the curve was, suggesting that
the temperature was the main factor affecting the dry-
ing speed.
Lewis model, Henderson & Pabis model and Page
model were fitted based the MR results, and Table 5
shows the values of k, n, A, R2 and SD obtained at the
constant-temperature stage.
In the Page model, the frequency factor and activation
energy were calculated by the Arrhenius equation k = k0
exp (-E/RT), where k0 is the frequency factor; E is the
activation energy; T is drying temperature; and R is the
universal gas constant. Table 6 shows the results of re-
quency factor and activation energy calculated by this
equation.
DISCUSSION
During the drying process of Yuanzhi (Radix Palyga-
lae), the water vapour was gradually removed from the
Yuanzhi (Radix Palygalae) surface into the carrier gas
flow, and the internal water in Yuanzhi (Radix Palyga-
lae) was also continuously diffused to the surface of
sample particles.
Name/Molecular formula
n-Hexadecanoic acid/C16H32O2
Hexadecanoic acid, ethyl ester/C18H36O2
Octadec-9-enoic acid/C18H34O2
2,6,10,14,18,22-Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-,(all-E)-/C30H50
Relative content (%)
SXPOVO50
6.68
0.75
0.52
4.15
SXPOVO70
6.61
0.96
0.38
4.42
SXPOVO90
6.88
0.67
0.51
4.58
Table 3 The constituents and relative contents of bioactive ingredients extracted by SFE-CO2
Notes: SFE-CO2: the supercritical carbon dioxide fluid extractor; SXPOVO50: the volatile oil of Yuanzhi (Radix Palygalae) collected from
Shanxi province after being dried at 50℃; SXPOVO70: the volatile oil of Yuanzhi (Radix Palygalae) collected from Shanxi province after
being dried at 70℃; SXPOVO90: the volatile oil of Yuanzhi (Radix Palygalae) collected from Shanxi province after being dried at 90℃.
SecondaryderivationTra
nsm
isso
pm
(a.
u.)
1800 1700 1600 1500 1400 1300 1200 1100 1000
SXPO-ASE80
70
60
50
40
30
0.8
0.6
0.4
0.2
0.0
-0.2
Tra
nsm
isso
pm
(a.
u.)
SXPO
SXPO50
SXPO70
SXPO90
1800 1700 1600 1500 1400 1300 1200 1100 1000
Wave number (cm﹣1)
Sec
on
dar
yd
eri
vat
ion
SXPO
SXPO50
SXPO70
SXPO90
1800 1700 1600 1500 1400 1300 1200 1100 1000
Wave number (cm﹣1)
Wave number (cm﹣1)
Figure 3 FTIR spectra and second derivative
FTIR spectra of SXPO and its ASE samples
SXPO: Yuanzhi (Radix Palygalae) collected
from Shanxi province; SXPO50: Yuanzhi (Radix
Palygalae) collected from Shanxi province af-
ter being dried at 50℃ ; SXPO70: Yuanzhi (Ra-
dix Palygalae) collected from Shanxi province
after being dried at 70℃ ; SXPO90: Yuanzhi
(Radix Palygalae) collected from Shanxi prov-
ince after being dried at 90℃; SXPO-ASE: alco-
hol-soluble extract of Yuanzhi (Radix Palyga-
lae) collected from Shanxi province. FTIR: fou-
rier transform infrared spectroscopy.
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At the constant temperature stage, continuous water
loss was detected from samples. The rate of mass loss
was gradually decreased with the extension of time,
and finally the equilibrium was achieved. The maxi-
mum rate of mass loss and peak temperature were in-
creased with the increase of final temperature at the
heating stage, however, the sample drying time was al-
so extended. The time of mass loss rates of different Yu-
anzhi (Radix Palygalae) samples reaching the same val-
ue was reduced too. When the final temperature
reached 90℃ , the mass change of sample was not sig-
nificant at the constant-temperature stage.
Some volatile bioactive substances were disappeared af-
ter drying, such as Benzene, 1, 2, 3-trimethoxy-5-
(2-propenyl)- and Asarone due to the loss of some vola-
tiles, leading to the relatively increased content of some
unvolatile substances in the total volatile oils. n-Hexa-
decanoic acid extracted by SFE-CO2, a volatile bioac-
tive ingredient, was 1.48% in the Yuanzhi (Radix
Palygalae) sample before the drying process, and its
content ranged from 6.61% to 6.88% after drying at
different temperatures. The content of 2, 6, 10, 14, 18,
22-Tetracosahexaene, 2, 6, 10, 15, 19, 23-hexamethyl-,
(all-E)- was 0.85% in the sample without drying, and
it became 4.15%-4.58% after the drying process. Dry-
ing process directly affected the bioactive ingredient
content of Yuanzhi (Radix Palygalae). According to the
maximum mass loss rate of Yuanzhi (Radix Palygalae)
and ASE, it was reasonable to control the temperature
of Yuanzhi (Radix Palygalae) drying process below 90℃.
FTIR spectra showed that Yuanzhi (Radix Palygalae) al-
so contained the main ingredients of ASE. Apart from
the difference in shape or intensity of some peaks, we
did not observe any specific spectral differences be-
Sample
SXPO
SXPO50
SXPO70
SXPO90
SXPO-ASE
Peaks (cm-1)
1743
1742
1742
1742
n/a
1712
n/a
n/a
n/a
1711
1646
1645
1645
1645
n/a
1517
n/a
1516
1516
1514
1459
1462
1460
1460
1461
1369
n/a
n/a
n/a
n/a
1247
1247
1247
1247
1256
1154
-
-
-
-
1040
1041
1039
1039
1041
Table 4 Characteristic absorption peaks of SXPO and its ASE from FTIR spectra
Notes: ASE: alcohol-soluble extract; SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi province; SXPO50: Yuanzhi (Radix Palygalae)
collected from Shanxi province after being dried at 50℃; SXPO70: Yuanzhi (Radix Palygalae) collected from Shanxi province after being
dried at 70℃; SXPO90: Yuanzhi (Radix Palygalae) collected from Shanxi province after being dried at 90℃; SXPO-ASE: alcohol-soluble
extract of Yuanzhi (Radix Palygalae) collected from Shanxi province.
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Figure 4 MR curves of different Yuanzhi (Radix
Palygalae) samples at the constant temperature
of 50℃ (A), 70℃ (B) and 90℃ (C) by experiment
(symbol) and Page model calculation (line)
MR: the moisture ratio; SXPO: Yuanzhi (Radix
Palygalae) collected from Shanxi province; GSPO:
Yuanzhi (Radix Palygalae) collected from Gansu
province; SXIPO: Yuanzhi (Radix Palygalae) collect-
ed from Shaanxi province; HBPO: Yuanzhi (Radix
Palygalae) collected from Hebei province; NMPO:
Yuanzhi (Radix Palygalae) collected from Neimen-
gu province; SCPO: Yuanzhi (Radix Palygalae) col-
lected from Sichuan province.
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tween SXPO and its ASE among the samples dried at
different temperatures. No spectral differences of char-
acteristic absorption peaks were detected from second
derivative FTIR. These results revealed that the drying
temperature mainly affected the ingredient contents of
Yuanzhi (Radix Palygalae).
Page model had a higher R2 value than other drying
models, in which the R2 and SD values were above
0.98, 0.95 and 0.93 and below 0.04, 0.06 and 0.08 at
50℃ , 70℃ and 90℃ , respectively. In the Page model,
its acceptable R2 value was greater than 0.95 at 50℃
and 70℃ , indicating that the Page model was well fit-
ted to the drying kinetics of Yuanzhi (Radix Palygalae).
At 90℃ , volatile substances might be lost along with
the water loss, resulting in the lower R2 value. Accord-
ing to these results, the Page model was in good agree-
ment with the experiment data compared with the
Lewis model and Henderson & Pabis model. Figure 4
shows the moisture ratios calculated by Page model,
which were consistent with the experimental results
during the entire period. According to the Page model,
the k values for the samples of SXPO, GSPO and SXI-
PO were consistent with those by Arrhenius equation.
However, large deviations were observed from samples
of HBPO, NMPO and SCPO by Arrhenius equation.
The k value was basically increased with the increase of
temperature, except for samples of SXIPO, HBPO and
SCPO at 90℃ . Drying process of Yuanzhi (Radix
Palygalae) was a mixed process of water removal and
volatile component loss. The components of volatile
matters and their contents were different in different
Yuanzhi (Radix Palygalae) samples, leading to the spe-
cialty of medicine drying process. At the lower temper-
ature, drying process was controlled by the water loss.
With the increase of temperature, the amount of gas-
eous products released from the solid sample was also
increased. When the drying temperature was increased
to 90℃ , the fat soluble constituents in Yuanzhi (Radix
T (oC)
50
70
90
Sample
SXPO
GSPO
SXIPO
HBPO
NMPO
SCPO
SXPO
GSPO
SXIPO
HBPO
NMPO
SCPO
SXPO
GSPO
SXIPO
HBPO
NMPO
SCPO
Lewis model
k
0.039
0.024
0.024
0.025
0.184
0.016
0.053
0.034
0.035
0.038
0.052
0.039
0.043
0.044
0.049
0.069
0.038
0.076
R2
0.985
0.956
0.961
0.983
0.990
0.970
0.976
0.910
0.943
0.962
0.986
0.942
0.933
0.885
0.979
0.998
0.886
0.882
SD
0.096
0.120
0.128
0.105
0.065
0.071
0.175
0.198
0.178
0.411
0.113
0.190
0.258
0.295
0.413
0.049
0.258
0.563
A
0.806
0.732
0.709
0.752
0.814
0.833
0.658
0.616
0.641
0.729
0.797
0.629
0.452
0.410
0.681
1.344
0.458
4.506
Henderson & pabis model
k
0.034
0.017
0.016
0.019
0.013
0.012
0.043
0.023
0.025
0.031
0.047
0.028
0.026
0.025
0.041
0.075
0.022
0.114
R2
0.985
0.956
0.961
0.983
0.990
0.970
0.976
0.910
0.943
0.962
0.986
0.942
0.933
0.885
0.979
0.994
0.886
0.882
SD
0.061
0.051
0.047
0.035
0.013
0.031
0.098
0.105
0.089
0.089
0.081
0.101
0.097
0.124
0.084
0.027
0.108
0.410
Page model
n
0.886
0.695
0.656
0.717
0.646
0.735
0.820
0.693
0.718
0.833
0.920
0.739
0.613
0.585
0.856
1.083
0.586
1.463
k
0.061
0.077
0.090
0.074
0.065
0.045
0.105
0.111
0.104
0.073
0.070
0.107
0.194
0.220
0.087
0.050
0.192
0.013
R2
0.993
0.981
0.985
0.994
0.998
0.988
0.990
0.954
0.972
0.981
0.992
0.972
0.961
0.930
0.985
0.998
0.930
0.959
SD
0.032
0.040
0.034
0.022
0.011
0.034
0.035
0.063
0.050
0.049
0.035
0.052
0.042
0.055
0.037
0.007
0.055
0.085
Notes: SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi province; GSPO: Yuanzhi (Radix Palygalae) collected from Gansu province;
SXIPO: Yuanzhi (Radix Palygalae) collected from Shaanxi province; HBPO: Yuanzhi (Radix Palygalae) collected from Hebei province;
NMPO: Yuanzhi (Radix Palygalae) collected from Neimengu province; SCPO: Yuanzhi (Radix Palygalae) collected from Sichuan province.
A, k, n: constant of kinetic model; R2: variance; SD: standard deviation.
Table 5 Model parameters for the drying of six Yuanzhi (Radix Palygalae) samples at 50℃, 70℃ and 90℃
Sample
SXPO
GSPO
SXIPO
k0
2075.74
929.10
248.31
E0 (kJ/mol)
28.07
25.38
21.48
R2
0.995
0.960
0.897
Table 6 Frequency factors and activation energy of SXPO,
GSPO, SXIPO in kinetics analysis
Notes: SXPO: Yuanzhi (Radix Palygalae) collected from Shanxi
province; GSPO: Yuanzhi (Radix Palygalae) collected from Gan-
su province; SXIPO: Yuanzhi (Radix Palygalae) collected from
Shaanxi province. k0: frequency factor; E0: activation energy; R2:
variance.
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Palygalae) swelled, resulting in the destroyed pore struc-
ture of sample. Therefore, the diffusion resistance of
moisture was increased, and the drying process of Yuan-
zhi (Radix Palygalae) was controlled by gas diffusion.
The drying performances of Yuanzhi (Radix Palygalae)
during the heating process were very important for im-
proving the utilization efficiency of active ingredients
in Yuanzhi (Radix Palygalae). Temperature was a ther-
modynamic property obviously affecting the drying
process of Yuanzhi (Radix Palygalae). The constant-tem-
perature drying process of Yuanzhi (Radix Palygalae)
samples could be described by the Page Model, espe-
cially for the drying process at 50℃ , in which R2 and
SD values were more than 0.98 and less than 0.04, re-
spectively. The drying constant k for samples of SXPO,
GSPO and SXIPO was corresponding to the Arrhenius
equation, and their activation energies were 28.07,
25.38 and 21.48 kJ/mol, respectively.
REFERENCES
1 Pharmacopoeia of the People's Republic of China. Chi-
nese Pharmacopoeia Committee. Beijing: Chemical Indus-
try Press, 2010: 146.
2 Fu J, Zhang DM, Chen RY. Advances in studies on sapo-
nins and their pharmacological activities in plants of polyg-
ala L. Zhong Cao Yao 2006; 37(1): 144-146.
3 Peng WX, Wu ZM, Xie XL. The advance of growing dif-
ferentiation and machining in polygala tenuifolia. Hebei
Nong Ye Ke Xue 2005; 1(1): 111-113.
4 Sang YY, Zhou GY, Wang AM, Cao BH. Research ad-
vance on the drying techniques of medicinal herbs. Zhong
Cheng Yao 2010; 32(12): 2140-2144.
5 Tarhana S, Telci İ, Tuncay MT, Polatci H. Peppermint
drying performance of contact dryer in terms of product
quality, energy consumption, and drying duration. Drying
Technology 2011; 29(6): 642-651.
6 Chavez BE, Ledeboer AM. Drying of Probiotics: Optimi-
zation of Formulation and Process to Enhance Storage Sur-
vival. Drying Technology 2007; 25(8): 1193-1201.
7 Chin SK, Law CL. Product quality and drying characteris-
tics of intermittent heat pump drying of Ganoderma tsug-
ae Murrill. Drying Technology 2010; 28(12): 1457-1465.
8 Zeng LJ, Liang H, Xie XP. Research of the content chang-
es of Andrographolide and dehydroandrographolide before
and after drying Andrographis paniculata's. Zhong Cheng
Yao 2009; 31(9): 1399-1401.
9 Zhou YH, Jiang Y, Wen J, Chen YP, Tu PF. Chemical con-
stituents from the roots of polygala sibirica L. J Chin
Pharm Sci 2008; 17(2): 148-152.
10 Liu YF, Yang XJ, Tian X, Jiang Y, Tu PF. HPLC simultane-
ous determination of two active components in the roots
of polygala tenuifolia Willd. Yao Wu Fen Xi Za Zhi 2010;
30(5): 806-809.
11 Zhao JG, Qu WH. Advances on the analytical technolo-
gies of chemical components in Radix polygalae. Shi Zhen
Guo Yi Guo Yao 2009; 20(12): 3114-3115.
12 Vuataz G, Meunier V, Andrieux JC. TG-DTA approach
for designing reference methods for moisture content de-
termination in food powders. Food Chem 2010; 122(2):
436-442.
13 Yang GY, Shi YC, Liu XD, Mujumdar AS. TG-DTG anal-
ysis of chemically bound moisture removal of AlF3·
3H2O. Drying Technology 2007; 25(4): 675-680.
14 Arballo JR, Campanone LA, Mascheroni RH. Modeling
of microwave drying of fruits. Drying Technology 2010;
28(10): 1178-1184.
15 Madhava M, Rao PS, Goswami TK. Drying kinetics of
paddy using thermogravimetric analysis. Drying Technolo-
gy 2001; 19(6): 1201-1210.
16 Ong SP, Law CL. Drying kinetics and antioxidant phyto-
chemicals retention of Salak fruit under different drying
and pretreatment conditions. Drying Technology 2011; 29
(4): 429-441.
17 Song XJ, Zhang M, Mujumdar AS, Fan LP. Drying char-
acteristics and kinetics of vacuum microwave-dried potato
slices. Drying Technology 2009; 27(9): 969-974.
18 Lu J, Xiang B, Liu H, Xiang S, Xie S, Deng H. Applica-
tion of two-dimensional near-infrared correlation spectros-
copy to the discrimination of Chinese herbal medicine of
different geographic regions. Spectrochim Acta A Mol Bio-
mol Spectrosc 2008; 69(2): 580-586.
19 Xu ML, Li HF, Zhou Q, Yin Q, Sun SQ, Wu XZ. Study
on different proportion formulas of activating blood circu-
lation by FTIR. Guang Pu Xue Yu Guang Pu Fen Xi
2010; 30(3): 640-643.
213
